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METHOD OF FABRICATION OF A FINFET
ELEMENT

BACKGROUND

The present disclosure relates generally to the field of
fabrication of semiconductor devices, and more specifically
to a method of fabricating a fin type field etlfect transistor
(FinFET) or portion thereof.

Double-gate MOSFETs are MOSFETs that incorporate
two gates 1nto a single device. These devices are also known
as FinFETs due to their structure including a thin “fin”
extending from a substrate. Silicon based FinFETs have been
successiully fabricated using conventional MOSFET tech-
nology. A typical FinFET 1s fabricated on a substrate with an
overlying isulating layer with a thin “fin” extending from the
substrate, for example, etched 1nto a silicon layer of the sub-
strate. The channel of the FE'T 1s formed 1n this vertical fin. A
gate 1s provided over (e.g., wrapping) the fin. The double gate
1s beneficial in that there 1s a gate on both sides of the channel
allowing gate control of the channel from both sides. Further
advantages of FinFETs include reducing the short channel
eifect and higher current flow. Other FinFET architectures
may include three or more effective gates.

Germanium FinFET (Ge-FinFET) fabrication has pro-
vided numerous difficulties however. Ge-FinFET devices
include a fin formed at least in part, of germanium (as opposed
to silicon fin). Typical Ge-FinFET fabrication includes pat-
terming a germanium layer on a germanium-on-insulator
(GOI) substrate to form a narrow Ge-fin. However, GOI sub-
strates are not widely used 1n production processes. Further-
more, GOI substrates may provide 1ssues with crystalline
quality particularly at larger water sizes, for example, 300
mm walers. Further still, the GOI etch process will require
extensive development i order to make it suitable for pro-
duction fabrication processes. In contrast, silicon based Fin-
FET processes have been well developed.

As such, an improved Ge-FinFET device and fabrication
method of a FinFET element 1s desired.

SUMMARY

In one embodiment, a method of fabricating a FinFET
clement 1s provided. A substrate 1s provided and a plurality of
fins 1s formed on the substrate. An epitaxial layer 1s grown on
the fins. The epitaxial layer includes germanium. A germa-
nium condensation process 1s performed. The germanium
condensation process transiers germanium from the epitaxial
layer to the fins to form germanium fins (Ge-fins). In an
embodiment, the epitaxial layer 1s S1Ge. In an embodiment,
the Ge-condensation process consumes silicon 1n the plural-
ity of fins and/or the epitaxial layer to form a silicon oxide
layer overlying the fins. As the silicon 1s consumed, the ger-
manium may be transierred to the center of the structure and
a Ge-fin formed.

In another embodiment, a method of fabricating a semi-
conductor device 1s provided. A substrate 1s provided and a
silicon fin 1s formed on the substrate. In an embodiment, the
substrate 1s an SOI substrate. In an embodiment, the substrate
1s a bulk silicon substrate. A layer (e.g., an ep1layer) 1s formed
on the silicon fin. The layer includes germanium. The silicon
{in 1s transformed to a germanium {in. The transforming of the
fin 1ncludes performing an oxidation to consume silicon of
the silicon fin. The consumed silicon forms a silicon oxide
layer. In an embodiment, the silicon oxide layer 1s removed.
The oxidation used to transform the silicon fin may be con-
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2

tinued until a desired composition of Ge-fin 1s reached. In an
embodiment, a substantially pure (e.g., only Ge) fin 1s pro-
vided.

In an embodiment, a FInFET device 1s provided. The Fin-
FET includes a substrate and a fin structure disposed on the
substrate. The fin structure includes an upper portion and a
lower portion. The upper portion includes germanium. In an
embodiment, the upper portion includes a Ge-fin formed
using a Ge-condensation process. The lower portion includes
an isulating material. In an embodiment, the lower portion 1s
s1licon oxide. In an embodiment, the lower portion 1s formed
during a wet etch following a Ge-condensation process used
to form the upper portion of the fin structure.

BRIEF DESCRIPTION OF THE DRAWINGS

Aspects of the present disclosure are best understood from
the following detailed description when read with the accom-
panying figures. It 1s emphasized that, in accordance with the
standard practice 1n the industry, various features are not
drawn to scale. In fact, the dimensions of the various features
may be arbitrarily increased or reduced for clarity of discus-
$101.

FIG. 1 1s flowchart illustrating an embodiment of a method

—

of fabricating a Ge-FinFET element.

FIGS. 2,4, 6, and 8 are cross-sectional views illustrating an
embodiment of a substrate corresponding to one or more
steps of the method of FIG. 1.

FIGS. 3, 5,7, and 9 are perspective views 1llustrating an
embodiment of a substrate corresponding to the cross-sec-
tional views of FIGS. 2, 4, 6, and 8.

FIG. 10 1s a perspective view illustrating an embodiment of
a Ge-FinFET element.

FIGS. 11, 12, 13, and 14 are cross-sectional views 1llus-
trating an embodiment of a bulk silicon substrate correspond-
ing to one or more steps of the method of FIG. 1.

DETAILED DESCRIPTION

The present disclosure relates generally to semiconductor
devices and more particularly, to a FinFET element and
method of fabricating a FinFET element (e.g., device or por-
tion of a device). It 1s understood, however, that specific
embodiments are provided as examples to teach the broader
inventive concept, and one of ordinary skill in the art can
casily apply the teaching of the present disclosure to other
methods or apparatus. In addition, 1t 1s understood that the
methods and apparatus discussed 1n the present disclosure
include some conventional structures and/or processes. Since
these structures and processes are well known 1n the art, they
will only be discussed 1n a general level of detail. Further-
more, reference numbers are repeated throughout the draw-
ings for sake of convemence and example, and such repetition
does not indicate any required combination of features or
steps throughout the drawings. Moreover, the formation of a
first feature over and on a second feature 1n the description
that follows may include embodiments in which the first and
second features are formed 1n direct contact, and may also
include embodiments 1n which additional features may be
formed interposing the first and second features, such that the
first and second features may not be 1n direct contact. FinFET
device as the term 1s employed 1n the current disclosure
provides any fin-based, multi-gate transistor. A FinFET ele-
ment may include a FinFET device (e.g., transistor) or any
portion thereof (e.g., a fin). In addition, though described
herein as Ge-FinFET elements, one skilled 1n the art would
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recognize the applicability of the present disclosure to other
chemical composition FinFETs.

Referring to FIG. 1, illustrated 1s an embodiment of a
method of fabricating a Ge-FinFET element. The method
begins at step 102 where a substrate including one or more
fins 1s provided. In an embodiment, the substrate includes a
s1licon substrate (e.g., water). The substrate may be silicon 1n
a crystalline structure. In other embodiments, the substrate
may include other elementary semiconductors such as ger-
manium, or include a compound semiconductor such as, sili-
con carbide, gallium arsenide, indium arsenide, and indium
phosphide. In an embodiment, the substrate includes a sili-
con-on-insulator (SOI) substrate. The SOI substrate may be
fabricated using separation by implantation of oxygen (SI-
MOX), water bonding, and/or other suitable methods. In an
embodiment, the fins are silicon fins (S1-fins). The fins may be
formed, for example, by etching a layer of silicon on the
substrate. The layer of silicon may be a silicon layer of an SOI
substrate (e.g., overlying an insulator layer).

Referring to the example of FIGS. 2 and 3, a substrate 202
1s provided. The substrate 202 may include silicon. An 1nsu-
lator layer 204 1s disposed on the substrate 202. The substrate
202 and the insulator layer 204 may be components of an SOI
substrate (e.g., including an overlying silicon layer patterned
to form fins 206). The msulator layer 204 may include silicon
oxide, sapphire, and/or other suitable insulating maternals.
The insulator layer 204 may be a buried oxide layer (BOX). A
plurality of fins 206 1s disposed on the msulator layer 204. In
an embodiment, the plurality of fins 206 includes silicon. The
plurality of fins 206 may be fabricated by patterning a silicon
layer overlying the msulator layer 204 (e.g., an upper silicon
layer of a silicon-insulator-silicon stack of an SOI substrate).
The fins 206 may 1nclude a capping layer disposed on the fin.
In an embodiment, the capping layer 1s a silicon layer.

The fins 206 may be fabricated using suitable processes
including photolithography and etch processes. The photoli-
thography process may include forming a photoresist layer
(resist) overlying the substrate (e.g., on a silicon layer),
exposing the resist to a pattern, performing post-exposure
bake processes, and developing the resist to form a masking,
clement including the resist. The masking element may then
be used to etch fins 206 1nto the silicon layer. The fins 206 may
be etched using reactive 10n etch (RIE) and/or other suitable
Processes.

In an embodiment, the fins 206 are formed by double-
patterning lithography (DPL) process. DPL 1s a method of
constructing a pattern on a substrate by dividing the pattern
into two interleaved patterns. DPL allows enhanced feature
(e.g., fin) density. Various DPL methodologies may used
including, double exposure (e.g., using two mask sets), form-
ing spacers adjacent features and removing the features to
provide a pattern of spacers, resist freezing, and/or other
suitable processes.

The method 100 then proceeds to step 104 where a layer
including germanium 1s formed on each of the fins. The layer
may include an epitaxial layer grown on the fins. The epitaxial
layer may include SiGe. The epitaxial layer may be grown by
a CMOS compatible epitaxial process. The epitaxial process
may include chemical vapor deposition (CVD) technique
such as vapor-phase epitaxy (VPE), and/or other suitable
processes known 1n the art. The epitaxial process may use
gaseous (or liquid) precursors, which interact with composi-
tion of the fins (e.g., silicon). In an embodiment, a low ger-
manium concentration Si,_ Ge_, where X 1s between approxi-
mately 0.1 and 0.3, 1s provided. Referring to the example of
FIGS. 4 and 3, an epitaxial layer 402 1s grown on the fins 206.
In an embodiment, the fins 206 are silicon and an epitaxial
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layer 402 includes SiGe. In an embodiment, the epitaxial
layer 402 includes a low Ge concentration (e.g., S1,_Ge_
where X 1s between approximately 0.1 and 0.3).

The method 100 then proceeds to step 106 where a germa-
nium condensation process (Ge-condensation) 1s performed.
The germanium condensation process transforms the fins
provided 1n step 102, to fins including germanium (Ge-fins).
In an embodiment, the Ge-condensation process transforms
silicon fins to Ge-fins. It should be noted that the term Ge-fin
as provided herein does not necessitate a fin of exclusively
germanium (€.g., pure germanium).

The Ge-condensation process includes selectively oxidiz-
ing the layer including germanium and/or fins, described
above with reference to steps 104 and 102, respectively. In an
embodiment, the germanium condensation provides for sub-
stantially pure germanium fins. The Ge-condensation may
include silicon preferential oxidation in a dry atmosphere
including oxygen. In an embodiment, the oxidation is per-
formed at a temperature of up to 1150 C, by way of example
and not intended to be limiting. In an embodiment, silicon of
the fins (provided 1n step 102) 1s consumed 1n the oxidation.
Any silicon 1n the germanium layer (e.g., silicon of a S1Ge
epitaxial layer provided in step 104) may also be consumed 1n
the oxidation. The oxidation may form a silicon oxide layer
on the substrate. For example, the silicon oxide layer may be
formed using the consumed silicon. The germanium may be
condensed to the center of the structure and form fins includ-
ing germanium. The time of the oxidation may be determined
depending on the composition of germamum desired for the
fin structure. The oxidation may occur 1n a plurality of steps.
Theretore, step 106 provides for the transforming of Si-fins to
Ge-fins.

Referring to the example of FIGS. 6 and 7, fins 602 are
formed. The fins 602 include germanium (e.g., Ge-fins). An
oxidized layer 604 1s formed around the fins 602. The oxi-
dized layer includes silicon oxide. The oxidized layer 604
may be formed by oxidation. For example, during an oxida-
tion process silicon of the epitaxial layer 402 and/of the fins
206, 1llustrated on FIGS. 4 and 5, may be consumed and form
the oxidized layer 604. As the silicon 1s consumed, germa-
nium from the ep1 layer 402 1s transterred to the center of the
structure to form fins 602.

The method 100 then proceeds to step 108 where the oxi-
dized layer (e.g., formed by the Ge-condensation process) 1s
removed from the substrate. The oxidized layer may be
removed by suitable etching processes including wet etch,
dry etch, plasma etch, and/or other suitable processes. In an
embodiment, a wet etch including a diluted hydrofluoric acid
(dHF) solution 1s used to remove the oxidized layer. The
etching process may also remove a portion of the underlying
insulator layer. Thus, a recess 1n the underlying insulator layer
may be formed. Referring to the example of FIGS. 8 and 9, the
oxidized layer 604 has been removed exposing the Ge-fins
602. The removal of the oxidized layer 604 creates recesses
802 in the insulator layer 204. Thus, a fin structure 806 is
formed 1including an upper portion including Ge-fins 602 and
a lower portion including an 1nsulator portion 804. The insu-
lator portion 804 1s raised from the substrate (e.g., forms a {in)
due the recesses 802. A channel of a FinFET device may be
formed 1n the upper portion of the fin structure 806.

The method 100 may continue to provides steps fabricating,
other features of FinFET elements, including, for example,
doping the fin structure, forming a gate structure including a
gate dielectric and gate electrode on the fins, forming of
source/drain regions, forming contact, iterconnect struc-
tures, and/or other suitable processes and features.
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Therefore, provided 1s a method 100 for forming a FinFET
clement having fins including germanium (e.g., Ge-fin) on a
substrate. The method 100 uses CMOS compatible processes.
The method 100 also allows for use of an SOI substrate. This
removes the need to provide a germanium on msulator (GOI)
substrate, which may provide 1ssues 1n fabrication.

Referring to FIG. 10, illustrated 1s an embodiment of a
FinFET element 1000. The FinFET element 1000 may be
tormed using the method 100, described above with reference
to FIG. 1, or a portion thereof. The FinFET element 1000
includes a substrate 1002, an insulator layer 1004, a fin struc-
ture 1006, and a gate structure 1010. In an embodiment, the
substrate 1002 includes a silicon substrate. The substrate
1002 may be silicon 1n a crystalline structure. In other
embodiments, the substrate 1002 may include other elemen-
tary semiconductors such as germanium, or iclude a com-
pound semiconductor such as, silicon carbide, gallium ars-
enide, indium arsemde, and indium phosphide. In an
embodiment, the substrate 1002 includes a silicon-on-insula-
tor (SOI) substrate. The SOI substrate may be fabricated
using separation by implantation of oxygen (SIMOX), waler
bonding, and/or other suitable methods. The substrate 1002
may include 1solation regions, doped regions, and/or other
features.

The mnsulator layer 1004 1s disposed on the substrate 1002.
The 1nsulator layer 1004 may include silicon. In an embodi-
ment, the insulator layer 1004 1s silicon oxide. The 1nsulator
layer 1004 may be a buried oxide (BOX) layer. The insulator
layer 1004 may be a component (e.g., layer) of an SOI sub-
strate. The 1nsulator layer 1004 may be formed using pro-
cesses such as, implantation (e.g., SIMOX), oxidation, depo-
sition, and/or suitable processes. The nsulator layer 1004
includes a raised portion (fin) 1004q that 1s included 1n the fin
structure 1006. The insulator fin portion 1004a may be
tformed by an etching process used to provide a Ge-1in 1008 of
the fin structure 1006, for example, as described above with
reference to step 108 of FIG. 1.

The fin structure 1006 includes an upper portion including,
the Ge-fin 1008 and a lower portion including the insulator fin
portion 1004a. The Ge-fin 1008 may be formed by processes
including providing a silicon-fin, growing a layer including
germanium on the silicon-fin, and using a Ge-condensation
process to provide Ge-fins. The Ge-fin 1008 may be formed
using the method 100, or portion thereof.

The gate structure 1010 1s formed on the fin structure 1008.
The gate structure 1010 1ncludes a gate dielectric layer 1014
and a gate electrode 1012. Numerous other layers may also be
present, for example, capping layers, interface layers, spacer
clements, and/or other suitable features. The gate dielectric
layer 1014 may include dielectric material such as, silicon
oxide, silicon nitride, silicon oxinitride, dielectric with a high
dielectric constant (lugh k), and/or combinations thereof.
Examples of high k materials include hatnium silicate,
hatnium oxide, zircontum oxide, aluminum oxide, hatnium
dioxide-alumina (H1O,—AIl,QO,) alloy, and/or combinations
thereot. The gate dielectric layer 1014 may be formed using
processes such as, photolithography patterning, oxidation,
deposition, etching, and/or other suitable processes. The gate
clectrode 1012 may include polysilicon, silicon-germanium,
a metal including metal compounds such as, Mo, Cu, W, T,
Ta, TiN, TaN, NiSi1, CoSi, and/or other suitable conductive
materials known 1n the art. The gate electrode 1012 may be
formed using processes such as, physical vapor deposition
(PVD), chemical vapor deposition (CVD), plasma-enhanced
chemical vapor deposition (PECVD), atmospheric pressure
chemical vapor deposition (APCVD), low-pressure CVD
(LPCVD), high density plasma CVD (HD CVD), atomic
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layer CVD (ALCVD), and/or other suitable processes which
may be followed, for example, by photolithography and/or
etching processes.

-

T'he fin structure 1008, and in particular the upper portion
including the Ge-fin 1008 may include a channel of the Fin-
FET element 100. The fin structure 1006 may be doped to
provide a suitable channel for an N-FinFET (NMOS device)
or P-FinFET (PMOS device). The fin structure 1006, and 1n

particular the upper portion including the Ge-fin 1008, may
include suitable dopants such as, p-type dopants (e.g., boron)
and/or n-type dopants (e.g., phosphorous). The {in structure
1006 may be doped using processes such as, 1on 1implantation,
diffusion, annealing, and/or other suitable processes.

The fin structure 1008 may include and/or be coupled to
source and drain regions associated with the FinFET element
1000. The FinFET device including the FinFET element 1000
may be a device included 1n a microprocessor, memory cell,

and/or other semiconductor devices.

Referring now to FIGS. 11, 12, 13, and 14 illustrated are
examples of an embodiment of the method of FIG. 1. The
examples of FIGS. 11, 12, 13, and 14 include a bulk silicon
substrate and include many of the same or substantially simi-
lar steps as described above with reference to FIG. 1 and the
examples of FIGS. 2-9. Referring to the example of FIG. 11,
a substrate 1102 1s provided. The substrate 1102 may be
s1licon 1n crystalline structure (e.g., a bulk silicon substrate).
Fins 1104 (e.g., Si-fins) extend from the substrate 1102. The
fins 1104 include silicon. The fins 1104 may be fabricated by
using suitable process such as photolithography and etch. In
an embodiment, the fins 1104 are etched from the substrate
1102 using dry etch or plasma processes. Shallow trench
isolation (STI) structures 1106 surround the fins 1104. The
STI structures 1106 may include any suitable insulating
materal.

Referring to the example of FIG. 12, illustrated i1s an
embodiment of step 104 of the method 100, described above
with reference to FIG. 1. A layer 1202 1s provided on the fins
1104. The layer 1202 includes germanium. In an embodi-
ment, the layer 1202 1s S1,__Ge_, which may be substantially
similar to as described above with reference to epitaxial layer
described above with reference to step 104. In an embodi-
ment, the layer 1202 1s epitaxially grown.

Referring to the example of FIG. 13, illustrated 1s an
embodiment of the step 106 of the method 100 using a bulk
silicon substrate. A germanium condensation process 1s per-
tformed which forms Ge-fins 1302 with a silicon oxide layer
(e.g., cap layer) 1304. In addition, a portion of the silicon {in
1104 1s oxidized during the condensation process. This forms
the oxidized segment 1306. The oxidized segments 1306
include silicon oxide. The germanium condensation process
may be substantially similar to as described above with ret-
erence to FI1G. 1.

Reterring to the example of FIG. 14, an embodiment of the
step 108 of the method 100 using a bulk silicon substrate 1s
illustrated. In an embodiment, the cap layer 1304 1s removed
by a suitable wet etch process, however, other embodiments
maybe possible. The oxidized segments 1306 may not be
removed. Note that the Ge-fins 1302 are 1solated from the
remaining portion of the S1-fins 1104 by the oxidized segment
1306 (e.g., silicon oxide msulator).

The embodiment of the method may continue to form
transistor features such as gate, source, and drains on or
adjacent the formed Ge-fins 1302. One or more of these
features 1s described 1n detail with reference to FIG. 10.
Theretfore, provided 1s a method of forming a Ge-FinFET
clement from a bulk silicon substrate.
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Although only a few exemplary embodiments of this
invention have been described 1in detail above, those skilled in
the art will readily appreciate that many modifications are
possible 1n the exemplary embodiments without material
departing from the novel teachings and advantages of this
disclosure.

What 1s claimed 1s:

1. A method of fabricating a FinFET element comprising:

providing a substrate;

forming a plurality of silicon fins on the substrate, wherein

cach of the plurality of fins has a first portion, a second
portion underlying the first portion, and a third portion
underlying the second portion;

growing a S1Ge epitaxial layer on the silicon fins; and

performing a germanium condensation process, wherein

the germanium condensation process includes:

transierring germamum from the epitaxial layer to the
first portion of each of the silicon fins to form germa-
nium fins (Ge-fins); and

oxidizing the second portion of each of the silicon fins
during the transierring germanium, wherein the third
portion of each of the plurality of silicon fins remains
s1licon.

2. The method of claim 1, wherein the substrate 1s a silicon
substrate.

3. The method of claim 1, further comprising;

forming a gate structure overlying the Ge-fins.

4. The method of claim 1, wherein the germanium conden-
sation process forms a silicon oxide layer on the first portion
of the plurality of silicon fins.

5. The method of claim 4, wherein the silicon oxide layer 1s
removed by a wet etch process.

8

6. The method of claim 5, wherein the substrate includes an
SOI substrate, and the wet etch removes a portion of an
insulator layer of the SOI substrate.

7. A method of fabricating a semiconductor device, com-
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providing a substrate;
forming a silicon fin on the substrate;
forming a S1Ge layer on the silicon fin;
transforming a first portion of the silicon fin to a germa-
nium fin, wherein the transforming includes performing
an oxidation to consume silicon of the silicon fin, and
wherein the consumed silicon forms a silicon oxide
layer on the germanium fin; and
ox1dizing a second portion of the silicon fin underlying the
first portion of the silicon fin during the transtforming the
first portion of the silicon {in to a germanium fin.
8. The method of claim 7, wherein the forming the silicon
fin 1ncludes etching a silicon layer of the substrate.
9. The method of claim 7, wherein the substrate 1s a silicon-
on-insulator (SOI) substrate.
10. The method of claim 7, further comprising:
forming an 1nsulator layer on the substrate.
11. The method of claim 7, wherein the forming the S1Ge
layer includes growing a S1Ge epitaxial layer.
12. The method of claim 7, wherein the S1Ge layer includes
a composition of S1,_ Ge, where x 1s between approximately
0.1 and 0.3.
13. The method of claim 7, turther comprising:
removing the silicon oxide layer formed by the oxidation.
14. The method of claim 7, wherein the oxidation includes
oxidation 1n a dry O, atmosphere.
15. The method of claim 7, wherein the oxidation includes
oxidation until the fin 1s substantially pure germanium.
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